The hyaluronic acid (HA) fermentation by Streptococcus zooepidemicus under anaerobic and aerated conditions in glucose-complex media was well described by a structured, two-compartment model. The two-compartment model framework was found to be robust, easily adaptable, and able to predict the transient consumption of substrates and formation of products. Aerobic culture produced a substantially higher concentration of HA than an equivalent anaerobic culture; however biomass-specific growth rate and yield were lower due to partial inhibition by hydrogen peroxide. The model was then used to investigate the physiological implications of glucose and complexnitrogen-limited growth on the anaerobic production of hyaluronic acid (HA). Glucoselimited growth agreed well with model predictions, although the HA molecular weight was lower than expected even though the absolute HA concentration remained unaffected. Heterofermentative growth was also observed for growth rates below 0.1 h -1 . Despite a comparatively lower specific growth rate, the biomass yield was higher; however the metabolic shift did not significantly affect HA production. For complexnitrogen-limited growth, diauxic growth on complex-nitrogen (yeast extract) was observed and explained by partitioning the array of nitrogen components into two distinct but homogeneous pools. While nitrogen-limited growth was found to increase the HA to biomass yield, like that observed under glucose-limited growth, the resulting HA molecular weight was reduced.
Introduction
Hyaluronic acid (HA) is a naturally occurring high molecular weight mucopolysacharide that exists naturally in humans. Principle uses of HA are in the biomedical field, such as ophthalmic and orthopaedic surgery (1, 2) . Recently, several developmental collaborations and emerging applications have transformed the HA market into a billion dollar (US) per year industry. For example, several US companies such as Genzyme and Biomatrix have initiated multi-million dollar distribution contracts for new and emerging HA-based products such as viscosupplementation treatments, whose market is estimated to be worth 500 million dollars (US) per year (2) .
Commercially, HA is produced through extraction from rooster combs or via fermentation, since the HA produced from these sources is chemically identical (e.g., same chemical structure but can be of different Mw) to that found in humans (3) . The fermentation process, however, has become increasingly attractive for large-scale production because animal-derived materials for biomedical applications are coming under increasingly stringent regulatory control for fear of contamination from conventional and nonconventional viral agents (3) . Given the regulatory acceptance of HA produced from S. zooepidemicus in both the US and UK, HA supplies from streptococcal fermentation are theoretically limitless, are devoid of seasonal fluctuations, and vary batch to batch if a tightly controlled process is implemented (2) . In addition, the potential use of recombinant DNA technology as a more accurate tool to customize the final HA product opposes the current use of downstream processing techniques (2, 3) .
That said, literature addressing the effect of nutrient limitation and fermentation conditions on the production and quality of HA is only beginning to appear (4) (5) (6) (7) . Moreover, no model has been presented and used to analyze, optimize, and control the HA production process in fed-batch culture. As such, the development of a reliable process model describing the HA fermentation is important as it facilitates the quantification not only of the biomass production but also of product formation kinetics with a minimum, yet essential, set of parameters that relates the key pathways involved (8) .
It is the purpose of this paper, therefore, to use modelbased fed-batch culture to investigate the physiological implications of glucose and complex-nitrogen-limited growth, the effect of anaerobic or aerobic conditions on both the transient and steady-state production of HA by S. zooepidemicus. This was accomplished by the use of an extended structured two-compartment model (8, 9) previously applied to a lactic acid-producing bacteria (10) , to the two-substrate, multi-product HA fermentation under conditions of both anaerobic and aerobic growth.
Materials and Methods
Organism, Inoculum, and Media. Streptococcus equi subsp. zooepidemicus ATCC 35246 HA + Lac + Em s was obtained from ATCC (Rockville MD) as freeze-dried culture and maintained in the dark at 8°C. The original vial was cultivated, and a series of stock freeze-dried cultures were prepared from this original stock. The reactor inoculum was prepared from freeze-dried culture using a series of transfers into rich media as described previously (6) . For all cultures, the seed culture volume was 250 L unless specified otherwise. Reactor growth media for batch cultures were complex, comprised of yeast extract (10 g L -1 ), glucose (20 g L -1
), and a mixture of inorganic salts as previously described (6) . For nitrogenlimited batch culture, the growth medium was comprised of glucose (≈ 21 g L -1 ) and a mixture of inorganic salts (6) . Upon depletion of the inoculum carry-over nitrogen, a mixture of yeast extract (5.26 g) and glucose (17.4 g) solution (12 mL) was aseptically pulse-fed.
For glucose-limited fed-batch culture, the growth medium was comprised of yeast extract (10 g L -1 ) and a mixture of inorganic salts (6) . The feed glucose concentration was 133 g L -1 , and the total glucose fed during the run was 40 g (≈ 0.3 Ls of volume addition). For nitrogen-limited fed-batch culture, the growth medium was comprised of glucose (40 g L -1 ) and a mixture of inorganic salts (6) . Complex-nitrogen was aseptically fed into the reactor during culture, from one of the two reservoirs of yeast extract solutions (23.3 and 50.0 g L -1 ) depending on the feeding regime used.
Fermentation. All cultures were performed using a BioFlo III fermentation system (New Brunswick Scientific, Edison, NJ) under the following operating conditions, unless stated otherwise: cultivation temperature, 37°C; pH maintained at 6.7 by automatic sterile addition of 5 M NaOH; and agitation rate was 600 rpm. Aerobic cultures were performed at an aeration rate of 0.1 l min -1 . The working volume of the batch cultures was 2 l. For the fed-batch cultures, to minimize any carry over nutrient present in the inoculum, cells were separated from the inoculum medium by centrifugation and the cell pellet was resuspended in inorganic salt solution before inoculating the fermenter.
Analysis. The glucose, lactate, acetate, and HA concentrations were determined by HPLC analysis (6) . Broth nitrogen concentration was measured by total Kjeldhal method. Capsule-free biomass and total HA concentrations were measured according to the respective procedure described by Goh (1998) (11) .
Computer Simulation and Model Fitting. The HA model equations were simulated using Matlab (The MathWorks Inc. Natick, MA 01760) linked to a Fortran numerical integration routine to solve stiff systems of differential and algebraic equations (12) . Typical initial conditions used for batch and fed-batch simulation are given in Table 1 .
Mathematical Model
Introduction. The modeling of the HA fermentation by S. zooepidemicus under both anaerobic and aerobic conditions adopts the model framework previously employed by Williams (1967) , Esener et al. (1981) , and Nielsen et al. (1991a, b) : a structured two-compartment model (8) (9) (10) 13) . According to the two-compartment model description, one compartment is defined as the "active" part (A-compartment) and the other as the "inactive" part (G-compartment). As the name implies, the former compartment comprises the synthesizing components of the cell (ribosomes, mRNA, tRNA, various enzymes, etc.), in which the main constituent is the protein-synthesizing system, made up of about 60% RNA. The relative size of A-compartment is defined by the measured RNA content, assumed constant at all operating conditions unless the metabolic pathways are radically altered. The G-compartment comprises the genetic and structural materials such as DNA, lipids, lipopolysaccharides, proteins, and carbohydrates. The G-compartment is produced at a rate depending on the size of A-compartment, but the rate of formation of A is independent of G. Therefore, the A-compartment plays the central role in determining the rate of growth; that is, all the reaction rates are directly linked to the size of this pool.
Constraints. There are four principle constraints important to the HA model. First, the model is only valid for conditions of pH and temperature that optimize HA production: pH 6.7 (( 0.2), 37°C (6) . Second, as mass transfer efficiency and uniform pH control are affected by HA concentrationsthe apparent viscosity of the medium is correlated to the broth HA concentrations the broth HA concentration should remain below 3.0 g L -1 in order to minimize mass transfer problems (14) . Third, although mathematically appropriate, the model should not be applied to continuous culture. The problem is one of strain instability, which leads to the development of a dominant acapsular (non-HA-producing strain with higher specific growth rate) mutant in continuous culture (7, 14) Finally, the model is not suitable for glucose concentrations exceeding 50 g L -1
. The problem is that lactic acid bacteria such as S. zooepidemicus produces large quantities of lactate from the catabolism of glucose (75 to 85% conversion), and results have shown that both growth and HA production are inhibited for broth lactate concentrations above 39 g L -1 (11, 14) . Anaerobic Growth. Model Formulation. The stoichiometry and mass balances describing the anaerobic fermentation of S. zooepidemicus are presented in Tables  2 and 3 , respectively, while the model parameters are presented in Table 4 . Whereas stoichiometric coefficients determined for Streptococcus cremoris (13) were expressed on the basis of nitrogen as protein, in this work they have been expressed on a total nitrogen basis, which removes the need to assume a general protein nitrogen content, since total nitrogen in the medium can be measured directly.
Parameter Estimation. The estimate of the stoichiometric coefficient, γ 21 (6.7 gX A g TN -1
), was calculated from the respective nitrogen content of RNA and protein, since X A is assumed to be 60% RNA and 40% protein (13) . The value of γ 32 , which specifies the yield coefficient for macromolecule synthesis from precursor building blocks, was taken to be near 100% (13) . The stoichiometric coefficient R 21 (2.2 g TN g GL -1 ) was calculated using the same 60-40 ratio and assuming that the only carbon derived from glucose is present (as pentose) in the base units of the RNA. All other carbon consumed in the production of X A swhether present in the nucleotide bases of the RNA or in the proteinswas assumed to be derived from the yeast extract. Our estimate for R 42 (25.7 g GL g TN -1
), which represents the mass fraction of glucose on a nitrogen basis consumed in the production of HA, was made assuming a molar glucose-to-glutamine ratio of 2 per mole of HA formed.
A preliminary estimate (0.99 g LA g GL -1
) for 11 was estimated assuming a near 100% mass efficiency in the production of lactic acid, since no other byproducts have been detected in concentrations greater than 0.5 g L -1 in anaerobic batch growth of S. zooepidemicus (7, 11 ) from the molecular formula of the repeating unit of HA.
The theoretically estimated model parameters were then adjusted as necessary by comparison against experimental batch data (see Table 4 ). Model fitting was assisted by the results of differential parameter sensitivity analysis performed on the HA model (15) . The values of the rate constants k 1 , k 2 , k 3 , and k 4 required significant adjustment, whereas, in general, the stoichiometric coefficients remained unchangedsour theoretical estimates agreed well with experimental data and that determined for S. cremoris (13) . This is not surprising in view of the fact that the two bacteria share similar pathways for glucose and nitrogen assimilation.
The principle deviation was found in R 21 , which represents the mass fraction of glucose consumed on a nitrogen basis in the pathway producing X A (see eq 2 in Table 2 ). The value for our S. zooepidemicus was found to be greater, by a factor of 2, than that determined for S. cremoris. This discrepancy is due to the assumption made regarding the percentage of X A carbon derived from glucose. As the fraction of biomass carbon derived from peptide carbon increases, R 21 approaches a value of unity, as observed for some strains of lactic acid bacteria (3, 13) . As can be seen in Table 4 , however, our estimated value of R 21 correlated well with the experimental data.
Aerobic Growth. Model Formulation. Aerobic growth of S. zooepidemicus was modeled using the anaerobic model as a base while concomitantly incorporating the additional stoichiometry and mass balances necessary to account for the more diverse metabolism: the presence of hydrogen peroxide and acetate, decreased biomass production, and finally, increased HA production. As such, the aerobic model encompasses a considerably greater number of equations and parameters than its anaerobic counterpart; the stoichiometry and mass balances are presented in Tables 5 and 6 and their foundation will now be addressed.
Stoichiometry for Oxygen Metabolism. To develop the reaction stoichiometry particular to aerobic growth of S. zooepidemicus, we noted that other streptococci can utilize oxygen when grown under aerated conditions; however, it is not capable of oxidative-respiratory metabolism since key enzymes of the TCA cycle and electron transport chain are absent in the cell. Although information on the oxygen metabolism of S. zooepidemicus has not been published, reactions involving molecular oxygen or oxygen metabolites by the other Streptococcus species are well documented; the reactions are summarized in Table 7 (16). The aerobic model, then, assumes that oxygen consumption by S. zooepidemicus is predominantly due to the combined activity of NADH oxidases described by eqs 42 and 43 (see Table 7 ). Admittedly, support for this assumption, derived from the detection of hydrogen peroxide in aerobic cultures of S. zooepidemicus, is open to comment as its broth concentration was too low to be quantified accurately (11) . That said, there are some important points strengthening this assumption. First, although the enzymatic source of hydrogen peroxide in S. zooepidemicus has yet to be identified, Zitzelsberger et al. (1984) studied the occurrence of NADH oxidases and peroxidase in various streptococci and found that the NADH oxidases were far more widespreadspresent in all 23 species testedsthan the peroxidases (17) . Furthermore, only one of the 23 species examined possessed the enzyme pyruvate oxidase (17) . Finally, hydrogen peroxide production has been attributed to the activity of H 2 O 2 -forming NADH oxidase alone, even though dismutation of superoxide also generates H 2 O 2 ; its contribution has been shown to be less than substantial (16) .
For this reason, a weighted combination of eqs 42 and 43 was accepted; their relative weighting (0.21) was assumed to be the equivalent to that found for S. mutans (18) . Hence, the combined molar stoichiometry of the H 2 O 2 -forming and H 2 O-forming NADH oxidase reactions (eqs 42 and 43 in Table 7 ) was consolidated as follows:
The consumption of NADH is now linked to the production of carbon dioxide and acetatestwo phenomena, observed under conditions of aerobic growth, which will now be discussed.
Heterolactic Glucose Catabolism. As in the case of other lactic acid bacteria, oxygen metabolism can provide S. zooepidemicus an additional route for NAD + regeneration, required for the continual operation of glycolysis (16) . This would reduce the need to reoxidize NADH via the putative lactate dehydrogenase pathway, which was reflected by the lower lactic acid yield observed under aerated conditions relative to that of equivalent anaerobic cultures (11) . As a result, a substantial amount of pyruvate is diverted to form acetate, with the concomitant production of carbon dioxide as well as ATP. The pyruvate-formate lyase enzyme is completely inhibited by oxygen under aerated conditions (19, 20) ; hence formate was not formed in the medium (11) . Considering the importance of maintaining redox balance within the cell and the significant onset of acetate formation in the presence of oxygen, acetate production is expected to be closely linked to oxygen metabolism via the nicotinamide adenine dinucleotide metabolite. Therefore, the two metabolic processes were combined into one reaction and represented as follows:
This balance was used as the basis for developing eq 19 and for estimating the aerobic model parameters R′ 1 , ′ 21 , ′ 22 , and ′ 23 ,, which are unique to the aerobic model. In the final model framework, the model stoichiometry (eq 19) omits the NADH/NAD + metabolites and water, since a complete account of these components was not achievable at this stage. 
a Primes are used to differentiate the aerobic from the anaerobic model. Table 8 presents a range of yields for aerobic and anaerobic batch growth of S. zooepidemicus under various growth conditions. The lower cell yield (gdw g GL -1 ) obtained for aerated growth was assumed to be due to the toxicity of H 2 O 2 , since our microorganism is catalase-negative (21, 22) . Similar growth inhibition has been demonstrated in various lactic acid bacteria, including a number of Streptococcus species (23-28). As little is known concerning the mechanism of H 2 O 2 inhibition on streptococcal growth, the phenomenon has been incorporated into our aerobic model by a nonlinear form of inhibition applied to the kinetic rate constant k′ 3 which governs X A formation (eq 39) (29) . The "n" parameter denotes the toxicity index of H 2 O 2 , and it reflects the extent of the inhibition on growth.
0.5glucose + 2(NADH+H
The inhibition terms permits the kinetic rate constant (k′ 3 ) to be reduced by the internal H 2 O 2 concentration in a concentration-dependent manner that is weighted by the critical H 2 O 2 concentration (H 2 O 2 *). As such, when the cellular H 2 O 2 level reaches the critical value, the reaction (r′ 3 ) becomes zero and X A formation totally shuts down. During the inhibition process, H 2 O 2 may bind reversibly or irreversibly with components of X A compartment. As such, in our model any permanent inactivation of X A is taken to be equivalent to the formation of X G (eqs 23 and 34).
Oxygen Transfer Rate. The K L a (h -1 ) of the model was described by a linear relationship as a function of fermentation time. This was an empirical relationship constructed from a 2-point data as determined by the dynamic gassing-out method using sterile nitrogen (data not shown). The first data point was obtained at the start of an aerated batch culture (at 0.1 L/min), while the other was measured at the end of the run, usually 8 h.
Parameter Estimation. The initial estimates for the aerobic model parameters are presented in Table 8 along with their anaerobic counterparts for comparison. Initially, values for analogous stoichiometric coefficients and saturation constants were taken from the anaerobic model, as their major metabolic processes are fundamentally identical. Thereafter, estimates for R′ 21 , ′ 21 , ′ 22 , and ′ 23 were estimated from the stoichiometry previously developed for heterolactic glucose catabolism. In addition, the parameter R′ 61 , which represents the grams of hydrogen peroxide produced per gram of X A , was arbitrarily assigned as 0.001 and later adjusted as necessary. The saturation constant K′ S2 was assigned the same value as K′ S1 since a part of the reaction governed by r′ 2 also constitutes glucose catabolism. The saturation constant for oxygen uptake, K′ SO2 , was based on oxygen substrate data of bacterial fermentation (30) .
With regards to rate constants novel to aerobic growth, lactic acid productivity has been observed to be reduced by as much as 18% under aerated conditions (11) ; thus the kinetic rate constant for lactic acid production (k′ 1 ) was taken to be 82% of its anaerobic counterpart. Furthermore, k′ 2 was estimated to be approximately 13% the value assigned to k′ 1 since this percentage carbon was diverted to produce acetate and carbon dioxide at the expense of lactate. The carbon content of acetic acid and CO 2 to lactic acid (13%) are as reported elsewhere (11) due to the augmentation of HA biosynthesis under aerated conditions. Similarly, the rate constant for HA production (k′ 5 ) was estimated by increasing its anaerobic counterpart by the same percentage (20%); aerated growth has been observed to augment HA production (11) . The rate constants for X A and X G formation in the aerobic model were assigned the same values as those used to model anaerobic growth despite the presence of growth inhibition, as the aerobic model requires their values to determine the upper limits of growth. Finally, the critical H 2 O 2 concentration was taken to be the same (0.17 g L -1 ) as that found for the aerobic cultures of lactic acid-producing Lactobacillus species (28) .
By the same approach used with the anaerobic model, the estimated model parameters were fine-tuned as necessary by comparison with aerated batch data (data not shown). The fitted parameters are tabulated in Table  8 . None of the aerobic stoichiometric coefficients required any modification except for R′ 61 , which relates the grams of hydrogen peroxide produced per gram X A produced. This was not surprising, as the relatively high value obtained for R′ 61 (1.474) suggests that inactivation of the X A component involves multiple binding of H 2 O 2 .
Results and Discussion
Model Verification. Anaerobic Growth. The anaerobic model was tested against experimental data; representative results are presented in Figures 1 and 2 . The simulated profiles of the two-compartment model agree well with the experimental data, whereas the output of a simple Monod-type unstructured model (data not shown) failed to produce a satisfactory fit to experimental data, particularly during the transient phases of the run. The total nitrogen consumed (0.34 g L -1 ) amounts to a C-molar dry cell weight nitrogen composition of approximately 12%, which is in reasonable agreement with reported estimates of nitrogen content found in biomass (31) . More, the HA to glucose (HA/S) and biomass (HA/ X) yields presented in Table 9 were found, where appropriate, to be similar to those reported by others under similar conditions (5, 32).
In accordance with a higher value for the stoichiometric constant R 21 , a mass balance analyzing the distribution of total nitrogen and carbon from substrates to products, assuming that biomass comprises 50% carbon by weight, suggested that approximately 58% of the biomass carbon was derived from glucose, whereas the remaining carbon must have derived from the complex-nitrogen sources provided in yeast extract. It would appear, then, that our strain of Streptococcus zooepidemicus differs from other lactic acid bacteria in this respect, although more accurate data from techniques such as radioactive carbon tracing experiments are needed for a more definitive answer.
Aerobic Growth. The aerobic two-compartment model was verified against several sets of batch fermentation data. The results are provided in Figures 3-6 . There was good agreement between the simulated profiles and the experimental data for both substrate consumption and product formation. The relatively higher values for dry weight measurements, however, suggests interference from the lingering presence of capsular HA, which was insufficiently stripped from the cells prior to measurement. This difficulty is more pronounced with aerated cultures of S. zooepidemicus since cells under such conditions tend to possess very large capsules (11) .
The excellent model agreement supports the suggestion that decreased biomass production under aerated conditions can be explained by assuming that the production of hydrogen peroxide binds irreversibly with the active components (X A ) of the cells synthesis machinery. Mathematically, this can be equated to the transfer of the a percentage of the active compartment (X A ) to the inactive compartment (X G ) which serves to partially reduce the 
Anaerobic batch: [5] 0 reaction rates responsible for biomass production. Since growth and HA biosynthesis are two physiological processes competing for the same pool of cellular resources derived from glucose (e.g., N-acetyl-glucosamine; required for cell wall synthesis and HA production), the reduction in growth rate permits a greater diversion of glucose toward the HA production pathway. Although both anaerobic and aerobic batch cultures of S. zooepidemicus utilized the same relative amounts of glucose for energy metabolism, less lactate (15 g L ) was produced compared to an equivalent anaerobic culture (17 g L -1 ). Glucose-Limited Growth (Low C/N). Under certain environmental conditions, various Streptococci species have been reported to catabolize glucose using additional pathways (heterofermentative catabolism), which release a mixture of organic acids (predominantly formate, acetate) and ethanol, in addition to lactate (33) . Under glucose-limiting conditions, lactic acid bacteria switch to heterofermentative glucose catabolism to compensate for the reduced rate of cellular energy (ATP) production due to lower glucose uptakesthat is, an additional mole of ATP is generated when glycolytic intermediate, pyruvate, is converted to acetate, instead of lactate (i.e., change stoichiometry when rate is diminished). Obviously, the other effect of glucose limitation is growth rate reduction, since the overall cellular energy output is lowered. Of particular interest here is the effect of reduced growth rate (due to glucose limitation) on HA production.
The glucose feed rate of the glucose-limited fed-batch experiment and the results are presented in Figures  7-10 . The initial flow rate, F o , was 0.004 L h -1 and the step increase, delayed by an additional 3.5 h, was increased to a final steady-state value of 0.036 L h -1 ; the flow-rate was thereafter maintained at this level until a total of 0.3 L of sterile glucose solution (equivalent to 40 g of glucose) was added to the vessel. The fed-batch model was then resimulated and compared against the experimental data using the initial conditions presented in Table 1 with the following exceptions: Figure 7 presents the biomass and HA profiles along with model simulations. While the HA profile matched model predictions, the model predicted biomass lagged that of the experimental data until the step increase in substrate feed flow rate was imposed (≈9 h); thereafter the model profile, although delayed by several hours, trended the data. During the first 9 h, the model deviated from the experimental data for biomass concentration because the model structure does not account for heterofermentative glucose catabolism, which facilitates better biomass growth due to stoichiometric increase in ATP production.
The simualted lactate profile deviated from the experimental data during the first 11.5 h of the fed-batch run (Figure 8 ), because glucose was catabolized under the heterofermentative mode, end products lactate, acetate, formate, and ethanol (Figure 9) , whereas the formulated model only simulates the homofermentative mode of glucose catabolism (Tables 2 and 3) , hence the observed overprediction of lactate in the first 10 h (Figure 8) . However, from the 11.5th hour onward, the model lactate profile trended the experimental data (i.e., same slope) because the model prediction was based on the same glucose catabolic pathway as the actual. Clearly, heterofermentative mode of glucose catabolism occurred when the medium glucose concentration was below 0.1 g L -1 (Figure 7 ; inset). The relative fluxes of the catabolic end products are shown in Figure 9 (inset).
By contrast, the HA profile agreed well with model predictions (Figure 7 ). As the model was originally formulated to simulate anaerobic homofermentative growth in the presence of excess glucose and complexnitrogen, this agreement indicates glucose-limited growth; whether the mode of glucose catabolism was hetero-or homofermentative had little effect on the volumetric production of HA. It is perhaps enlightening to consider this result with regard to overall HA yields compared to that found for cultivation in standard batch culture (Table 9) . Clearly, the similar HA yields on glucose between the batch and glucose-limited fed-batch cultures imply that the overall glucose distribution to HA biosynthesis pathway (stoichiometry) in S. zooepidemicus was relatively constant despite the differences in cultivation mode, growth rate, and catabolic pathways. It should also be noted that the measured weight-average HA molecular weight (1.8 MDa) was lower than expected (2.2 MDa) (14) . A likely explanation for this is that it is due to the imposed glucose limitation in the fed-batch culture, which lowered the specific glucose uptake rate of the microorganism; as a result, the pool of HA precursors (Dglucuronate and N-acetyl-glucosamine) formed over a certain time period would be smaller, and presumably, if the mean life span of the membrane-bound polymerizing enzyme, hyaluronate synthase, was the same (as expectedly) in both cases, shorter HA chains would be produced.
Complex-Nitrogen-Limited Growth (High C/N). The HA fermentation has traditionally been cultivated in excess complex-nitrogen substrate (yeast extract), as very little literature has addressed the fastidious nitrogen requirement of S. zooepidemicus; that literature which does exist has focused on the development of defined media which are less efficient (4) . Initial attempts to study the effect of complex-nitrogen limitation (using yeast extract) on HA production as well as cell physiology were interrupted by the occurrence of transitional growth phases (i.e., diauxic growth) in batch culture; S. zooepidemicus presumably demonstrated preferential utilization of nitrogen substrate in yeast extract, since it switched from one pool of nitrogen substrate to another, upon exhaustion of the previous pool. Alternatively, the fed-batch cultivation technique can be used to limit the first pool nitrogen substrate of yeast extract in the medium, by controlling the feeding rate of yeast extract. A feed-back control loop, presented in Figure 10 and detailed in Appendix A, was then implemented to modify, as needed, the feed rate of yeast extract added to the reactor (34) . The biomass profile was selected as the most suitable control variable, since transient parameter sensitivity analysis revealed the biomass profile to be relatively the most sensitive variable to a disturbance in those parameters reflecting a change in nitrogen consumption (15) .
The results are presented in Figure 11 . As the biomass concentration lagged that predicted by the model, the control algorithm was initiated after 4 h. In time, the control algorithm had increased the flow rate until the corrections had deviated unacceptably far from the original feed substrate profile. Clearly, little if any success was achieved as the accumulative changes in the feed flow rate were not able to compensate for deviations from model predictions.
An explanation was found in the fact that the set-point biomass profile was generated with model simulations that assume S. zooepidemicus can consume the complexnitrogen provided in the feed stream devoid of any effects (i.e., indistinguishable of the nitrogen substrate pools). In other words, the entire complex-nitrogen feed was regarded as a homogeneous source of nitrogen. Obviously, this assumption does not hold, particularly in light of the diauxic growth results, but in reality, there is little alternative: the model without a detailed analysis of the nitrogen requirements of S. zooepidemicus, coupled with a lack of identification of the constituent components of yeast extract cannot be expected to account for the various transitions in growth due to preferred uptake of various nitrogen components contained within the yeast extract.
To resolve this problem, we performed complex-nitrogenlimited batch experiments (data not shown) to quantify the size of preferred pool of nitrogen substrate in yeast extract by S. zooepidemicus, 38% (w/w) of the total yeast extract nitrogen. On the basis of that, the feed nitrogen substrate concentration (S Nf ) was increased by approximately a factor of 2.5 (or roughly the inverse of 38%). In the actual experiment performed, the feed concentration of total nitrogen was 5.0 g L -1 (i.e., the yeast extract concentration was raised from 23.3 to 50.0 g L -1
). The resulting control experiment, in which the control algorithm was implemented after 2 h, is presented in Figure 12 . Initially, the biomass profile lagged that predicted by the optimal solution, but this was largely due to the fact that the inoculum concentration was much lower than that used in the original simulation (0.03 versus 0.16 g L -1
). Nevertheless, the biomass concentration did slightly lag the set-point profile until by 8 h the biomass profile (B(t)) was corrected to match that of the set-point profile (B′(t)). It can also be seen from Figure  12 that the corrections to the flow rate were not overly dramatic and, in fact, had to be reduced after 8 h to correct for overshoot.
Most interesting to observe is how well the model predicted the transient profiles in the remaining state variables. Figures 13 and 14 present model predictions against experimental data after the model was resimu- lated to account for the measured flow rate of nitrogen substrate, the increased feed substrate concentration (5.0 g TN L -1 ), and the volume loss due to sampling. The initial conditions used to simulate the model were as presented in Table 1 except for the following changes:
At first try, all state variables except the HA profile followed the experimental data extremely well. To predict the HA profile, however, we had to increase the rate constant k 4 from 0.046 to 0.073 h -1 (see Tables 2 and 4 ). The simulation presented in Figures 13 and 14 uses this value of k 4 . As such, to predict complexnitrogen-limited growth, the HA model developed in nonnutrient-limited batch culture required only the modification of a single rate constant, that being the one that controls the rate of HA production. Hence, the rate of HA production is greater under conditions of complexnitrogen-limited growth as opposed to nonnutrientlimited growth. It is also worth noting that a consequence of this phenomena is that the HA to total nitrogen yield was twice that found in typical batch nonnutrient-limited growth (see Table 9 ).
The presence of mixed organic acids and ethanol (see Table 8 ) was also observed but only in low concentrations. The initiation of their production, however, varied; acetate and ethanol production was present from the outset while formate production was present after 6 h of effective fermentation time (data not shown). Like that found for glucose-limited growth, the resulting molecular weight of the HA produced (1.8 MDa) was less than that observed in typical anaerobic batch cultures or for that observed under conditions of temperature-induced low growth rates (14) . The results suggest that the failure to augment HA yield and molecular weight by reducing growth through complex-nitrogen substrate limitation is probably due to the nonspecificity of the substrate limitation, since an important requirement of HA biosynthesis is glutamine (i.e., needed to produce one of the two HA precursors, N-acetyl-glucosamine), an amino acid present in yeast extract that is also required for growth. This conclusion is to be verified in future work.
Appendix A
The set-point biomass profile was generated by simulating the anaerobic model using the preproposed feed rate of complex-nitrogen. As the purpose of the control loop was to add or subtract from a pre-existing feed rate, integral action in the controller was not considered necessary. Therefore, a proportional gain was developed that converts a measured error (in biomass) to the amount of nitrogen that must be added to the reactor to correct the error:
where N′ is the required change in the rate of nitrogen addition (g N h -1 ), ∆B is the measured error (B′(t) -B(t)) in biomass (gdw L ). It's value was calculated to be 0.128 g N gdw -1 using the batch data presented in our first paper as follows: on average 2.5 gdw L -1 of biomass is produced per 0.32 g L -1 total nitrogen consumed. If the transient growth rate µ(t) and reactor volume V(t) cannot be determined on-line, there their values can be approximated from the model simulations.
The conversion from N′ to the required change in flow rate of feed nitrogen (F m (t)) can be calculated as follows:
where K is a factor, assumed linear, that gives the mass flow rate of nitrogen (g N h -1 ) when the pump is set at 100%. It was calculated by setting the feed pump to 100% and multiplying the measured flow rate (on average 0.0708 L h 
